Abstract The durability of clear coatings is an important problem in the coatings industry. This problem can be partly solved with the addition of UV absorbers (UVAs) in the coating formulation. UVAs can absorb part of the UV radiation and convert it into harmless heat. Organic UVAs are prone to photodegradation and can migrate in the binder of a coating formulation. In this study, commercial UVAs have been encapsulated in poly(methyl methacrylate) microspheres using the internal phase separation method. Microspheres have been incorporated into a clear acrylic binder. The acrylic was then applied on wood panels and was placed into an artificial UV chamber. Efficiency of coatings after aging as well as chemical and physical properties were monitored using a colorimeter, FTIR spectroscopy and transmission electron microscopy. This study presents a comparison between the efficiency of free and encapsulated Tinuvin 1130 and 292 commercial absorbers. Results have shown that the coating efficiency is slightly improved when using the encapsulated products.
Introduction
Wood, while in service in the outdoor environment, is subjected to degradation from the environment, including ultraviolet (UV) radiation. UV can initiate chemical reactions in synthetic and natural materials. [1] [2] [3] UV radiations have sufficient energy to initiate photochemical reactions in wood components such as lignin and carbohydrates. 4 Lignin degradation leads to discoloration and changes in chemical and physical properties. UV rays are the main cause for the color and gloss loss, yellowing and cracking of the coating. The wood color change is the first sign of chemical modification. 1, 3, 5 The demand for clear coatings is currently expanding. Unfortunately, clear coatings are more sensitive to UV light than opaque ones. Their transparency leads to the photodegradation of the wood underneath. 1, 3, 6 While several approaches were developed to counter this problem, so far there is still no industrial coating systems which can maintain the efficiency of clear coat and wood system for more than 5 years. 7 One of the solutions to limit wood degradation is the addition of UV blockers to screen UV rays responsible for wood degradation. UV absorbers can be either organic or inorganic. Inorganic UVAs are various metal oxides. While they are efficient at protecting wood against photodegradation, they introduce color to the wood. 5 Organic UVAs are molecules with conjugated p electron systems that are able to absorb UV radiations. 8 Those commonly used are benzophenones alone or in combination with HALS (hindered amine light stabilizers) which show synergistic photoprotection. The energy is absorbed by the UVAs by means of a strong intramolecular hydrogen bond between an O-H or N-H group and an oxygen or nitrogen 4 or 5 atoms away. This allows the energy to be dissipated into harmless heat. 9 Studies suggest that the photolysis of benzotriazole-type UVAs is driven by clear coat photooxidation chemistry. Radicals formed by the photodegradation of the coating react with UVAs and thus offer a limited protection of the coating. 8, 10 The main objective of this research is to increase clear coating durability. The general idea is to protect UVAs from degradation by encapsulating them inside a polymer shell. Encapsulation has been used in coatings before as a new technology to render water-insoluble light stabilizers (UVAs or HALS) compatible with a waterborne paint system. 11 The authors presented a method for the encapsulation of both hydrophilic inorganic (represented by zirconia and alumina-coated titanium dioxide) and hydrophobic organic (represented by phthalocyanine blue) pigments with poly(methyl methacrylate-co-butyl acrylate). 12, 13 In this study, encapsulation of organic UVAs in microspheres is used for UV protection and controlled release. The most common function of encapsulation is to extend or sustain the release.
14 UVAs were encapsulated and added to a clear coat binder. Tests were performed to prove the efficiency of the encapsulation technique described.
Materials and methods

Materials
All the products were used without any further treatment. Poly(methyl methacrylate) (PMMA 15,000 g/mol), polyvinylic alcohol (PVA 89,000-98,000 g/mol), dichloromethane, and sorbitane monooleate (Span 80) were obtained from Sigma-Aldrich. UV stabilizers Tinuvin 1130 (benzotriazole family compounds) and Tinuvin 292 (mix of 1,2,2,6,6-pentamethyl-4-piperidyl sebacate compounds) and acrylic binder (Acronal 4110) were obtained from BASF (Laval, Canada). The commercial UVAs in this study are of the hydroxyphenylbenzotriazole type (Fig. 1) . Deionized water was used throughout this study.
Synthesis of PMMA microspheres with Tinuvin 1130 and Tinuvin 292
The formation of PMMA microspheres was obtained by the internal phase separation method. The synthesis was inspired by the Loxley and Vincent method. 15 This process, presented in Fig. 2 , is based on solvent evaporation from the internal phase of the emulsion. The evaporation causes polymer precipitation which then forms the shell of the capsules. The process has been slightly modified to obtain microspheres instead of microcapsules. Microspheres do not present a liquid core but a uniform polymer matrix. Using microspheres may be more efficient because of UVA repartition inside the polymer matrix. The first step of the encapsulation process is the emulsification of the oil and water phases (Fig. 3) interfacial tension. A reduction in interfacial tension causes a reduction in ripening. A more stable emulsion system is then created. 16 The following method describes the preparation of spheres with embedded commercial Tinuvin 1130 (UVA) or 292 (HALS). PMMA (0.1 g) was dissolved in dichloromethane (4 g). The relative amounts of each ingredient were chosen so that the system was in the one-phase region of the ternary phase diagram and completely dissolved. An equal mass of aqueous surfactant solution (0.05 g of PVA and 0.05 g of Tween 80) was charged to a 200-mL jacketed glass vessel. The aqueous phase was stirred at 5000 r.p.m. with an Ultra Turrax T 25 (Ika, Germany). The oil phase was added over 60 s to form an oil-in-water emulsion. Agitation was maintained at this rate for 1 h. The oil phase contained the PMMA polymer (0.1 g), the polymer solvent (dichloromethane) and the active commercial components (Tinuvin 1130 or Tinuvin 292). The emulsion was then magnetically stirred in a beaker at room temperature until complete dichloromethane evaporation. The final solution was composed of PMMA microspheres with the UVAs. Microspheres obtained were in suspension in water.
Characterization techniques
Optical microscopy and transmission electron microscopy (TEM) were performed on microsphere water solution after dichloromethane evaporation to investigate the shape of microspheres. The observations were performed using, respectively, an optical microscope Nikon Eclipse E600 (Japan) and an electron microscope JOEL 1230 (JEM Ltd, Japan) at an acceleration voltage of 80 kV. Microsphere solutions were directly dropped on nickel microscope grids coated with carbon and Formvar.
Dynamic light scattering on two different concentrations (0.2 and 0.5 g/L) of the microsphere solution was done using Zetasizer Nano ZS (Malvern, UK). The measured angle used was 173°.
Introduction in a commercial binder
The aqueous solution was kept under magnetic stirring for a few days at room temperature. Once all the water was evaporated, the obtained product was powder-like. The powder was predispersed in water before addition to the Acronal 4110 acrylic binder. Percentages of UVAs added to the binder are detailed in Table 2 . The solution was mixed with the acrylic binder with a highspeed disperser Dispermat LC 30 at 1000 r.p.m for 1 h. Several formulations (Table 1) were tested on wood panels. The control sample contained only the acrylic binder without any protective absorber. One formulation contained free UVAs. All other formulations contained encapsulated materials. The 2 wt% nonencapsulated UVA formulation was used to compare 17, 18 Some formulations were prepared with the association of Tinuvin 1130 and 292.
For optimal protection, BASF guidelines advise the use of 1-3 wt% of UVAs (Tinuvin 1130) and 0.5-2 wt% of HALS (Tinuvin 292), which explains the UVA concentration selected. Concentrations are based on weight percent binder solids. The weight percentage was calculated from the original Tinuvin 1130 concentration in the emulsion. All formulations were prepared in triplicate.
Accelerated aging tests
QUV accelerated weathering tester from Q-Lab (USA) was used for artificial accelerated tests. Samples were exposed to 2000 h of aging. The water contribution was taken into account by a condensation system. The use of water sprays allows for the simulation of erosion and leaching that occur in natural exposure. White spruce (Picea glauca (Moench) Voss) wood was obtained from Maibec (Saint-Pamphile, Canada) and was cut into 75 mm 9 50 mm 9 4 mm boards and sanded with P150 sandpaper after being stored in conditioning room at 8% HR and 22°C until constant mass. Panels were placed into an accelerated aging tester QUV following the ASTM G154-2012 Standard test method ''Standard Practice for Operating Fluorescent Ultraviolet (UV) Lamp Apparatus for Exposure of Nonmetallic Materials.'' Cycle 1 was selected: The first step was a temperature of 60°C and energy 0.89 W/m 2 for 8 h. Then the condensation cycle started at 50°C Black Panel Temperature for 4 h. A UV-A 340 lamp was used for irradiation at 0.89 W/m 2 /nm to simulate the UV portion of the solar spectrum. Formulations were applied on wood panels with a roller-coater (BYK, Germany) at a speed of 50 mm/s. Two layers of 50 lm of each wet coating were deposited.
Colorimeter
The discoloration of the coating systems was measured with a colorimeter (BYK-Gardner Colorguide 45/0, Germany). Three measurements were taken for each sample, and the average value was calculated and reported. Measurements were taken along the grain and perpendicular to the grain to reduce the effect of surface irregularities on color. CIELAB color scale was used. Three coordinates (L*, a* and b*) were determined for each sample. The chromatic coordinates are L*, the lightness from black (0) to blank/white (100); a*, the color component from green (À60) to red (+60); and b*, the color component from blue (À60) to yellow (+60). Each component's evolution was evaluated separately. 19 
Film absorbance
Film absorbance spectra were measured with a spectrophotometer Cary 50 from Varian (USA). Small pieces of binder films from different formulations were detached from the support and taped in front of the detection cell. Thickness was also measured to compare separate spectra. The range analyzed was from 200 to 800 nm with a dual beam at 24,000 nm/min scan rate.
FTIR ATR-FTIR spectroscopy was performed to study the degradation of the coatings. FTIR measurements were taken using PerkinElmer (USA) Spectrum 400 in ATR (attenuated total reflectance) mode. Thirty-two scans were realized on each sample after a background spectrum. Scans were performed on a 500-4000 cm À1 wavelength range. These measurements give information about the chemical degradation. The surface of the coatings was analyzed, and three spectra were recorded for each sample. As no peak is stable over different spectra, no normalization was realized.
Diffusion tests
To test the diffusion of the UVA out of the PMMA microspheres, three replicates of 8 wt% UVA in PMMA microspheres were inserted into the commercial binder Acronal 4110. Three samples were put into a fridge, and three were placed into an oven at 110°C. Control (binder with no protection) was placed alongside the UVA samples, respectively, in the fridge and the oven for 1 week. After a week of treatment, the samples were placed in the QUV for 500 h of UV exposition only. The program was modified to get only UV exposition without any water spray. Color was followed during QUV exposition.
Results and discussion
DLS and microscopy
Optical microscopy observation of microsphere solution after synthesis shows heterogeneous distribution of microsphere size (Fig. 4) .
TEM experiments on microsphere redispersed water solution after dichloromethane evaporation reveal dark polygonal entities. The size of each microsphere is approximately 1 lm or bigger. On the left image, microsphere aggregates can be seen (Fig. 5) .
DLS analysis performed on microsphere water solutions after evaporation gives a broad particle size between 790 and 1180 nm. The analysis also confirms the presence of some large aggregates, explaining the instability of the particles.
Accelerated aging tests results
The esthetic of formulations was assessed throughout the artificial aging experiments by a visual evaluation of the three replicates. After only 48 h of exposure in a QUV tester, some formulations as well as the control start to darken, which is a photoinduced discoloration that starts to occur.
After 2000 h of aging cycles, the visual evaluation allows first conclusions on binder efficiencies ( Table 2 ).
The only formulation with 2 wt% encapsulated UVAs + HALS shows good resistance to UV irradiation and good general aspects. Formulation with 3 wt% encapsulated UVAs shows a good color stability and almost no cracks after 2000 h of QUV exposure. By visual evaluation only, the best performing formulations are the ones with 2 wt% encapsulated UVAs + HALS, with 2 wt% non-encapsulated UVAs and with 3 wt% encapsulated UVAs.
The process of following the color of coatings and wood allows one to obtain information on esthetic degradation of coatings. An efficient coating should ensure a stable color; the overall color variation should tend to zero. 19 Color is measured as a function of exposure time. The entire test was performed for 2000 h. Wood color depends on UV protection efficiency. Changes in wood color reflect chemical degradation occurring during weathering. 5 This phenomenon is explained by the degradation of lignin and the formation of unsaturated aromatic compounds. 19 The most efficient protective coating should absorb all UV light spectrum, and thus no UV should reach the wood underneath. Wood discoloration is a sign of wood degradation and of a less performing coating. L* shows an evolution toward black (Fig. 6) .
Some coatings like the one with 2 wt% encapsulated UVAs + HALS show a slower evolution at the beginning of the exposition. Others like the formulation with 2 wt% encapsulated UVAs show a quick darkening at the start of the exposure (50 h), and then the color stabilizes.
For all color components, all formulations showed the most important color variation in the first 175 h of exposure; afterwards, smaller color variations were measured. This early phenomenon is caused by the visible radiation decomposing yellowing products into colorless compounds. 20 This effect is worst in accelerated testing at high light intensity and with short dark periods than in natural exposition. 21 Light sources emitting fluorescent UV-A tubes induce exaggerated unnatural photoyellowing. 22 Moreover, this early color change has been shown not to cause significant functional and mechanical changes to the binder. 20, 22 This only has an effect on the esthetic properties of the wood.
Formulations containing 2 wt% non-encapsulated UVAs seem slightly more efficient than the formulation containing the same concentration of encapsulated UVAs at the beginning of the accelerated exposure. One hypothesis relates to diffusion. 2 wt% encapsulated UVAs seem to react more slowly at the start of the exposure because of the slow controlled release. Once the coating is applied and dried, active compounds are trapped into microspheres. Time is needed to allow UVAs to diffuse into the dry coating film. The encapsulation in microsized containers allows a reduction in the release rate in the coating. 23 The hypothesis of encapsulated compounds having a slower diffusion is relevant.
a* parameter evolves to the red component (Fig. 7) . Formulations darken quickly then stabilize. Formulation with 3 wt% encapsulated UVAs shows a low color change over the 2000 h. This could be the result of better microsphere distribution inside the binder.
b* parameter evolves toward yellowing (Fig. 8 ). Same observations as the ones reported previously can be made about the color difference at the beginning of the exposure. The yellowing occurring after 500 h of UV exposure is due to the formation of photostable yellowing compounds resulting from the photooxidation of polymeric chains. UV radiation is indeed the first cause of polymer yellowing. 20 This long-term photooxidation leads to scissions of polymeric chains. This has an effect on binder mechanical properties.
Formulation with 3 wt% encapsulated UVAs and 2 wt% encapsulated UVAs + HALS go through a smaller color evolution over the 2000 h of UV exposure than those without any HALS. Formulation with encapsulated HALS has a positive effect on UV protection. The synergetic effect described earlier is confirmed in this study. Adding encapsulated HALS in a binder formulation increases the UV protection efficiency.
To evaluate and compare the evolution of the formulations, the absolute value of deviation between the initial (t = 0) and final (t = 2000 h) value is calculated for each sample and each parameter.
Bar charts represent the percentage of color component change over the artificial QUV exposure time (Figs. 9, 10 and 11) . The smaller the change is, the more stable the binder and the more effective is the protection. The formulation containing 2 wt% free UVAs shows a smaller a* change than the 2 wt% encapsulated UVAs. This means that this formulation has a smaller evolution toward the color red. However, concerning L* and b*, the 2 wt% encapsulated UVAs performed slightly better, which means that the yellowing and darkening is minimized with the same concentration of UVAs encapsulated. Adding 3 wt% of encapsulated UVAs or 2 wt% of encapsulated HALS to the binder formulation helps to prevent the darkening and the red evolution of wood. However, the yellowing seems to be more visible with a high concentration of microspheres. Microsphere aging is highlighted with the yellowing evolution. Even with the yellowing effect due to microspheres, the yellowing is minimized compared to the formulation with free UVAs.
Film absorbance
Absorbance spectra of the control before and after UV exposure were identical (Fig. 12) .
Absorbance spectra of the formulation with 3 wt% encapsulated UVAs show an evolution after UV exposition (Fig. 13) . Before UV exposition, there is still no UVA diffusion. The absorbance in the 295-370 nm region definitively corresponds to the UVA absorbance. Given the absorbance in this region before UV exposition, the major conclusion is that UVAs are able to absorb inside PMMA microspheres. This could be one pathway of UV protection of the binder. After UV exposition, some wavelengths are no longer absorbed. This could be caused by the degradation of UVAs after diffusion inside the binder. The degradation of PMMA microspheres could also be at the origin of the change in the absorbance spectrum.
FTIR results
ATR-FTIR experiments were performed to study the degradation of the commercial acrylic binder. Binder was analyzed by FTIR before and after 2000 h of exposure. FTIR results give information about the chemical degradation of the binder material. For coatings exposed outdoors, chemical degradation of the binder is the primary pathway by which coating performance is compromised. 24 After 2000 h of QUV exposure for the formulation with binder only (control) (Figs. 14 and 16 ), several changes in the spectra occur. The signal in the 3000 cm À1 region is less intense, and a small hump is detectable at 3296 cm À1 after aging cycles. The decrease in the 2800-3000 cm À1 region involved peaks corresponding to C-H stretching. This decrease suggests that the average molecular weight is reduced as a result of chain scissions. The decrease reflects the volatilization or leaching of small molecules. The small hump corresponds to O-H group stretching. Oxidized groups appear in the polymer structure. Hydroxyl groups are responsible for the small increase in absorption in the 3200-3400 cm À1 region. 25 The carbonyl stretching peak at 1724 cm À1 was also found to decrease after the exposition (Table 3 ). The oxidative degradation of acrylics creates radicals that initiate reactions with oxygen. The carbonyl ester group is progressively degraded (Scheme 1). Usually, the formation of oxidation products is responsible for the increase in the carbonyl region. Here, the decrease can be explained by the scission of carbonyl groups and the volatilization and leaching of small oxidized products. 25, 26 After 2000 h of exposure, a small bump appears at the base of the carbonyl peak. This small broadening of the carbonyl peak can be explained by the formation of new components following the degradation mechanism. The formation of c-lactones which absorb at 1780 cm À1 is an example. 27 The stretching of the C-O group (1147 cm À1 ) is affected and less intense after 2000 h of exposure. The main decrease in the 700-1400 cm À1 region is chiefly attributed to the loss of small molecules during degradation. 25 From these results, it is possible to conclude that the acrylic binder of the control sample is subject to UV degradation and undergoes chemical changes in the polymer structure.
According to the comparison of the control sample and the formulation with 2 wt% encapsulated UVAs + HALS (Figs. 15 and 16 ), the two spectra at t = 0 are identical. However, the formulation with 2 wt% encapsulated UVAs + HALS after 2000 h of UV exposure is more similar to the spectra at t = 0. Only two peaks (1147 and 1724 cm À1 ) have different intensities at t = 0 and t = 2000 h. The acrylic binder with 2 wt% encapsulated UVAs + HALS shows less severe chemical degradation than the control after 2000 h of QUV exposure.
The variation of the specific peaks can be monitored by calculating the percentage of remaining groups or formation groups. Nguyen et al. 28 have followed the decrease in the binder bands and determined the relative amount of remaining func- tional groups. They have done so by calculating the ratio of the IR absorbance at the corresponding wavenumber after exposure time (D t ) to the absorbance of the unexposed sample (D 0 ) as presented in the equation beneath. 28 In this study, the percentage of remaining carbonyl groups and the formation of hydroxyl groups are used to determine the binder resistance to degradation.
Scheme 1: Loss of carbonyl group for PMMA polymer after radical formation 27 
Remaining groups
The more remaining carbonyl groups there are, the less the binder is degraded. The formulation with 2 wt% encapsulated UVAs + HALS contains the largest number of carbonyl groups remaining (Table 4). The high percentage of carbonyl groups for the control and the 2 wt% non-encapsulated formulation can be explained by the possible accumulation of oxidized products in the binder. Those products absorb around the 1700 cm À1 region. This could mean that the loss of part of the carbonyl groups is somehow compensated by the formation of oxidation products. 25, 29 The more hydroxyl groups (around 3500 cm À1 ) are formed, the more oxidation reactions happen inside the binder. Hydroxyl groups are an indicator of the chemical degradation of the binder. The non-encapsulated formulation is not effective enough to prevent the formation of hydroxyl groups. Those formulations are less protective than the others.
Based on FTIR results, the most important degradation occurs to the wood underneath the binder. The hydroxyl region is a better indicator of degradation than the carbonyl region. The binder suffers only minor degradation.
Diffusion tests
Fick's law states that diffusion is related to diffusion coefficient and particle concentration. Diffusion coefficient (D in cm 2 /s) depends mainly on the activation energy (E a in J) and the temperature (T in K):
Based on this equation, UVA diffusion in the binder should be improved if the temperature is increased. To test this hypothesis, the color evolution of 8 wt% encapsulated UVA samples in QUV was followed. Some samples were previously heated at 110°C in an oven or placed in a fridge. The following graphs represent the mean of three replicates per sample.
The fridge and oven controls present an identical slope for the first 100 h of QUV exposition. After 400 h of exposition, the oven control continues to darken which is not the case for the fridge control. The evolution of L* shows a global similar curve behavior for the fridge and oven samples (Fig. 17) . It can also be noted that the heating treatment has a darkening effect. Indeed, the two categories of samples start at two different L* values. However, the slope for the first 100 h is higher for the sample fridge. The identical slope for the fridge and oven control shows that there is no impact of the pretreatment on the wood itself. This difference in slope means that the fridge sample is degrading a little faster than the oven sample. This small difference in performance is caused by the activation of diffusion by the preheating of the sample. Once the heating has occurred, some UVAs diffuse out of the PMMA microspheres. Then, free UVAs are available to protect the binder.
Global behavior of control curves is similar but not identical (Fig. 18) . The slope of the fridge control is also slightly higher than the oven control. Both a* and b* evolutions show a slightly higher slope for the fridge sample. This can be explained by a small change in wood degradation. Given the uncertainty, no conclusion can be drawn from a* and b* evolutions.
The preheated sample shows a slightly attenuated wood degradation in comparison with the fridge samples. However, the diffusion contribution seems to be minimal. Efficiency of encapsulated compounds can be explained by the protection of UVAs and HALS inside the PMMA microspheres. The main phenomenon happening is the protection of UVAs inside the PMMA shells.
UVAs can be lost by several different pathways. One major pathway is the reaction of UVAs with the photooxidation products of the matrix. Most polymer moieties enhance radical formation due to photochemistry. 30 Radicals and peroxides are chemically harmful for UVA. 2 Therefore, entrapped UVAs are protected from harmless free radicals created inside the matrix after photolysis. UVAs being unexposed from free radicals do not decompose easily and stay intact. The diffusion occurs but has a second role in protection.
Conclusion
The main objective of this study is to suggest an alternative solution for the increase in UV protection of exterior clear coats. PMMA microspheres containing UVAs and HALS were synthesized using the Loxley and Vincent encapsulation method. DLS and MET measurements confirm the correct obtained shape of microspheres. The synthesis method is efficient to produce micrometric encapsulated commercial UVAs and HALS. Surface analysis of samples shows good integration of microspheres into the binder. Those microspheres are well incorporable in the commercial clear coat binder.
Chemical degradation occurs in the binder after UV exposition. The study shows global binder color evolution toward black, red, and yellow. For the same UVA concentration, encapsulated compounds prevent more efficiently the yellowing and darkening than formulation with free UVAs. However, the yellowing increases over UV exposition with microspheres concentration. The perfect balance has to be found to prevent darkening by adding encapsulated UVAs but while limiting the quantity of microspheres responsible for yellowing. One solution could be to improve the loading capacity of PMMA microspheres. Hence, the UVA encapsulated concentration would be increased but not the microspheres quantity. Additionally, FTIR results show that encapsulated formulations also better prevent the formation of hydroxyl groups. The synergetic effect of UVAs and HALS is confirmed in this study. The concentration of PMMA microspheres plays an important role as a higher concentration (3 wt%) proves to be more efficient than a lower concentration (2 and 1 wt%).
The study also suggests that the UV protection by encapsulated compounds has two pathways. UV spectrophotometer analysis shows that formulations with encapsulated UVAs absorb while inside PMMA microspheres. This explains how UVAs are protected from free radicals created inside the polymer matrix. The PMMA microspheres' role is mainly to shield from the decomposition products formed after UV exposition. A small contribution from UVA diffusion out of the microspheres may also take part in UV protection.
These results give an alternative solution in the field of clear coat UV protection. Encapsulated UVAs could definitively help to preserve wood esthetics and provide more durable protection.
Data presented only show esthetic and FTIR analysis. Next studies should include results on mechanical and physical properties.
Results obtained in the present study are from an accelerated weathering tester. Further studies should benefit from including natural exposition data. Addition of free HALS inside a control formulation should also be considered.
